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The expression of defensive morphologies in prey often is corre-
lated with predator abundance or diversity over a range of tem-
poral and spatial scales. These patterns are assumed to reflect
natural selection via differential predation on genetically deter-
mined, fixed phenotypes. Phenotypic variation, however, also can
reflect within-generation developmental responses to environ-
mental cues (phenotypic plasticity). For example, water-borne
effluents from predators can induce the production of defensive
morphologies in many prey taxa. This phenomenon, however, has
been examined only on narrow scales. Here, we demonstrate
adaptive phenotypic plasticity in prey from geographically sepa-
rated populations that were reared in the presence of an intro-
duced predator. Marine snails exposed to predatory crab effluent
in the field increased shell thickness rapidly compared with con-
trols. Induced changes were comparable to (i) historical transitions
in thickness previously attributed to selection by the invading
predator and (ii) present-day clinal variation predicted from water
temperature differences. Thus, predator-induced phenotypic plas-
ticity may explain broad-scale geographic and temporal pheno-
typic variation. If inducible defenses are heritable, then selection
on the reaction norm may influence coevolution between predator
and prey. Trade-offs may explain why inducible rather than con-
stitutive defenses have evolved in several gastropod species.
Phenotypic plasticity, the capacity of an organism to producedifferent phenotypes in response to environmental cues, can
be an important adaptive strategy in variable or changing
environments (1, 2). Inducible defenses are a ubiquitous form of
plasticity that involve the production of chemicals, morpholo-
gies, or behaviors by prey species in response to predator cues
(3). These changes reduce prey vulnerability to inducing pred-
ators or herbivores. Inducible defenses occur in diverse taxa and
examples include: production of chemical defenses in plants (4,
5), formation of spines in rotifers (6) and marine bryozoans (7)
and neck teeth and helmets in cladocerans (8), diel vertical
migration in marine (9) and freshwater zooplankton (10), and
changes in body shape in fish (11) and shell shape and thickness
in mollusks and barnacles (12–15).
Despite improved understanding of the cues inducing these
defenses and their immediate adaptive value (3, 16), our
understanding of how this phenomenon contributes to broader
temporal and spatial patterns of phenotypic variation remains
poor. To date, most studies have examined inducible defenses
and their costs on very localized spatial scales (3–15). In doing
so, there is limited consideration of environmental complexity
and the interactive inf luences of others cues that are likely to
occur across a broader scale. For example, many plant and
animal species have wide altitudinal and latitudinal distribu-
tions where dramatic temperature gradients occur. Because
temperature can profoundly inf luence developmental and
metabolic rates (17, 18) and phenotypic plasticity is a devel-
opmental phenomenon, spatial or temporal variation in tem-
perature may affect the speed, magnitude, and costs associated
with induced defenses. Although a few geographic surveys of
inducible defenses exist (19–21), there have been no direct
tests of (i) how inducible defenses are expressed over broad
spatial scales and (ii) whether such expression can explain
observed broad-scale patterns of phenotypic variation. Atten-
tion to broader spatial scales may shed light on how natural
selection shapes patterns of geographic variation (22) and
arms races between predator and prey (23, 24).
Natural selection is thought to drive coevolution between
predator and prey (23, 24), but the rate at which microevolu-
tionary change occurs (25) and the extent to which selection
operates on fixed vs. plastic phenotypes (2, 21, 26, 27) remain
unclear. Rapid changes in prey defenses after contact with
introduced predators (28, 29) have been cited as compelling
evidence of the speed and intensity of natural selection (25).
However, because inducible defenses occur rapidly, they may be
responsible for what are viewed typically as examples of rapid
evolution via natural selection. For example, it is generally
assumed that predation by crushing predators (decapod crusta-
ceans, fish) has selected for more robust, better-defended shell
morphologies in molluskan prey (23, 24, 30). Recent work,
however, has shown that gastropods and bivalves can alter shell
form adaptively during ontogeny in response to predator efflu-
ent (12–15, 31). These induced responses appear ubiquitous; they
have been found in multiple molluskan species, from different
geographic regions, and in response to cues from several pred-
ator species. In addition, factors other than predator cues (e.g.,
wave exposure, water temperature) can modify molluskan shell
form (32–35). In the case of water temperature, thinner shells are
expected in colder waters because calcium carbonate saturation
decreases and dissolution rates increase with decreasing water
temperature (36, 37). Thus, broad-scale temporal and spatial
variation in the expression of prey defenses could reflect differ-
ences in the concentration of predator cues or other cues that
happen to covary with the observed gradient in predator abun-
dance. Given that (i) predators often are distributed patchily in
time and space and (ii) organisms frequently range over a
latitudinal temperature gradient, the potential for plasticity to
generate broad-scale phenotypic variation is great.
To test the potential for plasticity to influence prey phenotype
across a broad spatial scale, we experimentally examined changes
in shell morphology in intertidal herbivorous snail (Littorina
obtusata) populations after exposure to an introduced mol-
luskivorous crab (Carcinus maenas) in different temperature
regimes in the northwestern Atlantic. Native to European wa-
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ters, C. maenas invaded the Gulf of Maine from south of Cape
Cod, MA, in the early 1900s and spread northward, reaching the
Bay of Fundy by the 1950s (38). Presently, C. maenas is abundant
on sheltered shores in the southern Gulf of Maine, but its
populations are small and ephemeral in the northern Gulf (29,
39). After the C. maenas invasion, shell morphology in L.
obtusata populations shifted rapidly (within 15–80 years) from
more vulnerable, thin-shelled to better-defended, thick-shelled
forms (29). This shift was interpreted as evidence of rapid,
natural selection with C. maenas predation as the driving force
(29). Presently, L. obtusata populations show striking phenotypic
variation in the Gulf of Maine, with shell thickness decreasing
and body mass increasing significantly with increased latitude
(Fig. 1). Shell thickness in southern populations of L. obtusata is
approximately 34% greater than in northern populations.
Three mechanisms could explain the patterns in shell thick-
ness in L. obtusata. First, differential selection by C. maenas on
thin-shelled morphs may have created both the historical shift
and the geographic cline in snail shell thickness, because selec-
tion has acted longer and with greater intensity in the southern
than in the northern Gulf of Maine. Alternatively, greater C.
maenas abundance in the southern Gulf, both presently and
historically, could have induced the formation of thicker shells.
Third, latitudinal differences in water temperature in the Gulf of
Maine may result in thinner shells at the colder northern sites.
Water temperatures during the late spring and summer, when
most snail growth occurs, averaged 6.8°C colder at our northern
than our southern study site (35). Significantly, colder water
temperatures also might limit the extent of inducible change in
shell thickness for northern populations that come in contact
with C. maenas.
Methods
In a field experiment, snails from two populations in the Gulf of
Maine, one in Massachusetts and one in northern Maine (distance
between sites, ’400 km), were reciprocally transplanted between
locations and reared either in the presence or absence of C. maenas
effluent. In late April 1998, 144 juvenile L. obtusata snails (,6-mm
shell length) were collected from two locations (Quoddy Head in
Lubec, ME: 44°49.219 N, 66°57.979 W; and Lobster Cove in
Manchester, MA: 42° 33.799 N, 70° 46.199 W). Individual snails were
tagged with a small, color-coded dot of permanent ink that then was
sealed with cyanoacrylate glue (34). Each snail was measured for
initial shell length, shell thickness (14), shell mass, and body mass.
To determine initial shell mass and body mass (defined by wet tissue
mass) we used a nondestructive protocol (40). Using a Mettler
PG503 analytical balance, we measured the mass (60.001 g) of each
snail while submerged in seawater (submerged mass) and then,
after 30 min of drying, the total mass (60.001 g) of each snail in air.
Actual shell mass (Y) can be predicted accurately from submerged
mass (X) by using regressions generated with a destructive sampling
of snails from each population (both R2 for each population $ 0.99).
To calculate body mass, we subtracted the estimate of actual shell
mass from the total mass of snails when weighed in air. Because
effluent treatment and rearing location may have affected these
regressions, we generated a new set of regressions (all R2 $ 0.99)
from destructive samples for each experimental group at the end of
the experiment (i.e., 90 days growth in the field). Because this
approach was not possible at the 45-day measurement period, we
used the mean of the initial and final regression equations to
estimate shell mass and body mass for this time period.
After initial measurements, snails were returned to appropri-
ate field locations in early May 1998. Six snails (hereafter,
response snails) from a single location and 60 g (wet mass) of
brown algae (Ascophyllum nodosum) as food were placed in each
of 48 replicate cylindrical containers (5-cm height 3 10-cm
diameter) that had plastic, mesh windows to permit water flow.
Each container with response snails was secured beneath a
similarly constructed container housing either (i) a single mature
Fig. 1. Shell thickness (6SE; F) and body mass (6SE; E) for each of 25 L. obtusata populations as a function of latitude in the Gulf of Maine. Shell thickness
and body mass of each snail were expressed as a deviation from a regression of (i) log shell thickness (Y) vs. log shell length (X) and (ii) log body mass (Y) vs. log
shell mass (X), respectively, across all populations. Mean shell thickness and body mass were back-transformed for presentation and are expressed as a percent
deviation from the appropriate regression. Each mean is based on a sample of 50 snails from each population. Shell thickness decreases with increasing latitude
(Y 5 213.89X 1 608.87, R2 5 0.50, P , 0.0001), and body mass increases with increasing latitude (Y 5 0.540X 2 23.513, R2 5 0.31, P , 0.005). Error bars are smaller
than symbols.
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Carcinus maenas male (‘‘Crab’’ treatment, 1C; mean carapace
width 6 SE 5 56.5 6 6.4 mm) and 30 snails (hereafter, stimulus
snails) or (ii) no crab (control, 2C) and 30 conspecific stimulus
snails. This design allowed crab effluent to drip directly onto the
response snails in the crab treatments. Each pair of stimulus–
response containers then was secured inside a larger cylindrical
chamber (11-cm height 3 28-cm diameter) that had mesh panels
to permit water flow. At northern and southern locations, we
anchored six replicates of each source population 3 effluent
treatment combination in the midintertidal zone. All chambers
were checked every 21 days to replace stimulus snails and the
algal food supply in both stimulus and response containers. We
measured snail shell length, shell thickness, and body mass after
45 and 90 days of growth in the field.
Data for each time period were analyzed with a three-factor
analysis of covariance (ANCOVA) that treated source population,
rearing location, and effluent treatment as fixed effects and repli-
cate growth chambers as a random effect nested within each source
Fig. 2. Phenotypic plasticity in shell thickness (A) and body mass (B) for L. obtusata that were reciprocally transplanted between a southern (S; Manchester,
MA) and northern (N; Lubec, ME) site and exposed to the presence (1C; solid symbols) or absence (2C; open symbols) of C. maenas effluent. Data are least
squares-adjusted means (6SE) generated by ANCOVA (see Methods) for shell thickness (Y) vs. shell length (X) (A) and body mass (Y) vs. shell mass (X) (B). At each
location, snails from each source population produced significantly thicker shells after 45 and 90 days (both P , 0.0001, ANCOVA) and significantly less body mass
after 45 and 90 days (both P , 0.0001, ANCOVA) when raised with C. maenas. See Table 1 for linear contrasts. SS, South to South (green, solid line); SN, South
to North (blue, dashed line); NN, North to North (black, solid line); NS, North to South (red, dashed line). May, initial phenotypic values; June, midpoint phenotypic
values (45 days); August, final phenotypic values (90 days).
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population 3 rearing location 3 effluent treatment combination.
For analysis of shell thickness, shell length was used as the covariate.
We used shell mass as the covariate for our analysis of body mass
because it provides an integrated measure of investment into shell
material. ANCOVA was used to adjust for the potential effects of
size on our response variables. Hence, least squares-adjusted means
generated by ANCOVA are mean shell thickness and mean body
mass for each treatment combination at the mean shell length and
mean shell mass, respectively, of all snails in the analysis. Data
conformed to all the assumptions of ANCOVA (41). A priori linear
contrasts were conducted to determine whether exposure to C.
maenas effluent significantly affected shell thickness and body mass
of snails from each source population (North, N; South, S) raised
at each location (N, S) (e.g., SS 1 C vs. SS 2 C, SN 1 C vs. SN 2
C in Fig. 2). Linear contrasts also were used to assess whether
rearing location significantly affected shell thickness and body mass
for snails from each source population exposed to each effluent
treatment (e.g., SS 1 C vs. SN 1 C, SS 2 C vs. SN 2 C in Fig. 2).
Results and Discussion
We found that exposure to predator effluent induced significant
changes in shell thickness. At both locations, snails from each
source population produced significantly thicker shells when
raised with C. maenas than when raised in its absence (Fig. 2 and
Table 1). This response was rapid with the majority of induced
thickening occurring within 45 days. A significant trade-off in the
form of reduced body mass was associated with thicker shells. At
both locations, snails from each source population produced less
body mass when raised with C. maenas than when raised in its
absence (Fig. 2b and Table 1). Reductions in body mass were
significant after 45 days but became more pronounced after 90
days. In three of four source population 3 rearing location
combinations (i.e., SS, SN, NS), we observed similar increases in
shell thickness (18 to 110%) and similar decreases in body mass
(214 to 226%) between crab versus no-crab treatments after 90
days (Fig. 2 and Table 1). In contrast, northern snails raised at
their native site with C. maenas (NN 1 C) produced dramatically
thicker shells (147%) and less body mass (242%) than those
raised without C. maenas (NN 2 C).
The location in which snails were raised also significantly
affected both shell thickness and body mass. Controlling for
source population and effluent treatment, snails raised at the
warmer southern location produced thicker shells and less body
mass than those raised at the colder northern location (e.g., SS
1 C vs. SN 1 C, Fig. 2; Table 1). A priori, we predicted that the
location effects would reflect differences primarily in water
temperature and that these differences would be similar in
magnitude for both crab and no-crab treatments for a given
source population. Although the location effect was consistent
with that expected because of observed differences in water
temperature (35), our data suggest that a more complex inter-
action exists between water temperature and naturally occurring
(i.e., nonexperimental) crab effluent. For example, we found
that the location effect on shell thickness was much greater for
snails from the northern source population raised without
(141.5%; NS 2 C vs. NN 2 C) than with C. maenas (15.8%; NS
1 C vs. NN 1 C) (Fig. 2a and Table 1). We hypothesize that
northern ‘‘controls’’ raised in the south developed significantly
thicker shells and less body mass than expected because they
were responding to the effluent released by free-ranging crabs.
This background effluent was largely absent for their counter-
parts raised in the north, where free-ranging C. maenas were
rare. The location effect was less evident for the northern source
population raised experimentally with crabs, because responses
to the crab treatment likely masked responses to background
effluent (Fig. 2 and Table 1). Finally, location effects on the
southern source population were small for both crab (8.7%) and
no-crab (11.0%) treatments. Two scenarios may explain these
results. First, juvenile snails collected from the southern site for
the experiment already may have started to thicken their shells
in response to higher background levels of C. maenas effluent,
which may have reduced their capability to respond to our
experimental treatments. Second, there may be population-
based ontogenetic constraints on plasticity. Selection by C.
maenas may have shaped the reaction norms of southern snails
to be less flexible. L. obtusata are direct developers with limited
dispersal. Consequently, some localized adaptation in plasticity
might be expected in southern populations given their longer
historical contact with C. maenas and, thus, greater predictabil-
ity of predation risk.
Our study illustrates the potential for inducible defenses to
produce adaptive change over broad geographic and temporal
scales. Previous studies attributed historical shifts in the shell
form of two intertidal snail species in the Gulf of Maine to rapid
selection after the introduction of C. maenas. After ’84 years of
contact with C. maenas, two L. obtusata populations showed
50–56% increases in shell thickness and a third showed an 82%
increase (29). Shell thickness of the dogwhelk Nucella lapillus
increased by 12% within 25–100 years (28). We found that
exposure to C. maenas effluent can induce 8–47% increases in
shell thickness in just 90 days (Table 1). Our experiments
therefore suggest that predator-induced plasticity may play an
important, and underappreciated, role in explaining the histor-
ical morphological changes described above and the present-day
latitudinal variation in shell thickness (Fig. 1). Our data also
suggest that, at the least, predator-induced responses are com-
parable in magnitude to any temperature-related latitudinal
effects on shell form and can occur in colder regions, where shell
production is more difficult. For example, were we to attribute
all of the location effect to differences in water temperature (i.e.,
ignore location-specific differences in background crab efflu-
ent), the average location effect (14.6%) was remarkably similar
to that observed in our crab treatments (15.6%).
Our data may aid in predicting responses by prey popula-
tions to anticipated changes in global climate and community
composition. For example, warming trends in the Gulf of
Maine over the last century are thought to have facilitated the
northward expansion of C. maenas (38, 42). Temperature
changes, in conjunction with increased rates of human-
mediated biological invasions (43), will likely increase contact
between prey populations and novel predators. The invasion
history of Carcinus spp. is a case in point. Over the last two
centuries, C. maenas and a sibling species, C. aestuarii, have
Table 1. A priori linear contrasts on the effects of C. maenas
effluent for each source population raised at each rearing
location and rearing location for each source population in each
effluent treatment
Effect
Shell thickness Body mass
45 Days 90 Days 45 Days 90 Days
Effluent effect
SS 1 C vs. SS 2 C 5.5%*** 7.7%*** 28.3%* 225.8%***
SN 1 C vs. SN 2 C 10.8%*** 10.0%*** 29.7%* 214.3%***
NS 1 C vs. NS 2 C 8.1%*** 9.7%*** 212.5%*** 217.3%***
NN 1 C vs. NN 2 C 43.4%*** 46.7%*** 230.2%*** 241.7%***
Location effect
SS 1 C vs. SN 1 C 7.7%*** 8.7%*** 229.2%*** 235.5%***
SS 2 C vs. SN 2 C 13.1%*** 11.0%*** 230.8%*** 223.1%***
NS 1 C vs. NN 1 C 4.9%** 5.8%*** 210.4%*** 215.4%***
NS 2 C vs. NN 2 C 39.2%*** 41.5%*** 227.8%*** 239.3%***
Shown are the percent change in L. obtusata shell thickness and body
mass. See legend of Fig. 2 for explanation of labels. *, P , 0.05; **, P , 0.01;
***, P , 0.001.
2126 u www.pnas.org Trussell and Smith
invaded a number of regions around the globe (44), and their
feeding activities are predicted to affect the composition of
both hard- and soft-bottom benthic communities (45, 46). Our
field experiment suggests that inducible defenses may amelio-
rate the short-term impact of these invaders on populations of
molluskan prey and that these defenses can be expressed even
in less favorable temperature regimes. That thin-shelled north-
ern populations of L. obtusata possess the ability to modify
shell form when confronted by C. maenas suggests that (i)
predator-induced plasticity has evolved as a general defense
against spatially or temporally variable predators and (ii) there
are costs to increased shell thickness.
Trade-offs associated with predator-induced defenses are
presumed to exist; otherwise, organisms should produce consti-
tutive (i.e., fixed) rather than conditional phenotypes (2, 47).
Indeed, trade-offs in growth rate (11, 48), size at maturity (49),
and fecundity (50, 51) have been documented in a number of
taxa. In our experiments, predator-induced increases in shell
thickness were accompanied by reductions in body mass between
14.3 and 41.7% after 90 days (Table 1 and Fig. 2b). This trade-off
likely reflects architectural constraints imposed by shell form
rather than the relatively small energetic costs tied to the
production of more shell material (52, 53). Because there is a
maximum rate at which calcification can occur (53), the more
material that is devoted to thickening the shell, the less that is
available for linear shell growth. Reduced linear shell growth
limits body mass because growth of soft-tissue cannot proceed
ahead of the protective shell margin. In addition, thick-walled
shells have less internal volume available for body growth than
thin-walled shells of similar size and shape. Given that gastropod
fecundity often is positively correlated with body size (54, 55),
the existence of trade-offs in body mass may partly explain why
inducible defenses in marine gastropod shell form have evolved.
Geographical and historical patterns of phenotypic variation
are thought to ref lect genetic differentiation produced by
natural selection (22, 56). Undoubtedly, predator and prey
populations have coevolved over a range of spatiotemporal
scales (23, 24, 57). In many such cases, however, selection may
have acted on genetic variation in plastic rather than consti-
tutive traits. If so, adaptive phenotypic plasticity may be
important to emerging patterns of geographic variation and
could enhance speciation in allopatric populations (58). In-
deed, the magnitude and spatial scale of the induced changes
seen in our experiments suggest that recent or fossil transitions
in molluskan shell form are not unequivocal evidence of rapid
selection (25, 28, 29) or speciation (59). Moreover, the dis-
covery of plastic increases in the claw size and crushing force
of a crab in response to diet (60) indicates that adaptive
plasticity may inf luence both sides of the evolutionary arms
race. The ubiquity and impressive magnitude of predator-
induced changes strongly suggests that phenotypic plasticity
plays an important role in shaping ecological communities.
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